Photoacoustic computed tomography (PACT) is a hybrid technique that combines optical excitation and ultrasonic detection to provide high resolution images in deep tissues. In the image reconstruction, a constant speed of sound (SOS) is normally assumed. This assumption, however, is often not strictly satisfied in deep tissue imaging, due to acoustic heterogeneities within the object and between the object and coupling medium. If these heterogeneities are not accounted for, they will cause distortions and artifacts in the reconstructed images. In this paper, we incorporated ultrasonic computed tomography (USCT), which measures the SOS distribution within the object, into our full-ring array PACT system. Without the need for ultrasonic transmitting electronics, USCT was performed using the same laser beam as for PACT measurement. By scanning the laser beam on the array surface, we can sequentially fire different elements. As a first demonstration of the system, we studied the effect of acoustic heterogeneities on photoacoustic vascular imaging. We verified that constant SOS is a reasonable approximation when the SOS variation is small. When the variation is large, distortion will be observed in the periphery of the object, especially in the tangential direction.
INTRODUCTION
Photoacoustic computed tomography (PACT) is a hybrid technique that is based on the acoustic detection of optical absorption in tissue from chromophores, such as oxygenated hemoglobin (HbO2) and deoxygenated hemoglobin (Hb). The conversion of light to acoustic waves allows PACT to image vasculatures in deep tissues with acoustically defined high spatial resolution [1] [2] [3] [4] [5] [6] [7] [8] . Over the past few years, several small-animal PACT systems have been developed with different detection geometries [1] . When small-animal whole-body vascular images were reconstructed in most cases, a uniform speed of sound (SOS) within the acoustic media was assumed. This assumption is violated in whole-body imaging due to the relatively large SOS variations within the animal body and between the coupling medium and the animal, which may cause distortions and artifacts in the reconstructed images.
To address this problem, one needs to measure the SOS variation of the medium, which can be achieved by ultrasonic computed tomography (USCT) [9, 10] . However, most PACT systems lack transmitting electronics, partially due to the large number of dedicated receive preamplifiers connected right at the array output. While transmit-receive switches can be implemented, they add cost and complexity in electronic design, and also degrade the system's signal to noise ratio. Moreover, a transmitting ultrasonic array requires the usage of piezoelectric materials that are suboptimal for receiving photoacoustic signals. This problem was first addressed by S. Manohar et al., who suggested using the photoacoustic effect to generate ultrasonic waves from a point optical absorber [11] . In this study, we adapted a similar approach, but without using point absorbers. Taking advantage of a full-ring transducer array, we illuminated a narrow laser beam directly on the transducer surface. The laser beam is then scanned to provide sequential firing of array elements. With minimum modification, this method adds USCT capability to the PACT system. Figure 1 (a) shows a schematic of the PACT system. The laser beam is first homogenized by a ground glass and then illuminated directly on the object in a 512-element full-ring transducer array. The array has a 5 MHz central frequency, and the signals are detected by a data acquisition system with 40 MHz sampling rate. A detailed description of the PACT system can be found in references [7, 12] . To perform USCT measurement, we developed a USCT add-on module, which consists of a conical lens and a round disk with a radial slit [ Figure 1(b) ]. The homogenized laser beam is first converted into a ring-shaped light and then passes through the 1 mm wide light slit to illuminate the transducer element. The conversion to ring-shaped light is essential for maximum light delivery efficiency and minimum light leakage to other elements. Compared with electronic-based ultrasound firing, our approach has two advantages. First ultra-short laser pulses can generate clean, high intensity broad-band ultrasonic signals, which are favorable in frequency-domain data analysis, such as attenuation measurement. Second, USCT can be performed using the same laser for PACT experiments, simplifying system design. By rotating the light slit, we could sequentially fire different array elements to perform USCT measurement. In this study, we used only one light slit. However, multiple light slits can be applied to speed up measurement, as long as signals from different firing elements can be separated in time. 
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SYSTEM DESIGN
RESULTS
We first used numerical simulations to demonstrate the distortion of images due to acoustic heterogeneities. The simulation was performed using the k-Wave toolbox [13] . To mimic vascular structures, we used a skeleton leaf [ Figure  2a ], embedded in a circular gel with sound speeds higher than that of water. A skeleton leaf was used because it has rich vascular structures and the simulation can be validated experimentally. We simulated four cases, with two different sound speeds [Figures 2(b) and 2(c)] and two different gel diameters (Figure 2 , top and bottom rows). The scanning geometry is similar to that in our experimental setup: 512 transducer elements evenly distributed in a 5-cm-diameter ring. The photoacoustic images were reconstructed using a constant SOS (the optimum SOS), derived by maximizing the image sharpness function [13] . This is also the optimization procedure we used when imaging an unknown object in experimental settings. From Figures 2(b) and 2(c), we can see that the distortion is negligible in the small object (diameter: 10 mm). When the diameter of the object increases to 20 mm (a typical size of a mouse cross section), we start to see blurring in the periphery of the object. It is also worth noticing that the level of blurring is different for vessels along different directions: a vessel along the radial direction blurs more than a vessel along the tangential direction. Detailed explanation of this phenomenon can be find in reference [9] . Optical absorption (a.u.) We then investigated the effect of acoustic heterogeneity using the integrated USCT-PACT system. The first object was a mouse brain embedded in an agar gel. We initially performed the PACT experiment [ Figure 3 We further studied the acoustic heterogeneity effect using a skeleton leaf phantom [ Figure 4 (a)]. To increase the SOS in the agar gel, we mixed the agar solution with 1% glycerol (SOS: 1.90 mm/µs), yielding an agar gel with an SOS around 1.51 mm/µs. We performed PACT and USCT experiments in sequence as in the previous brain phantom study. The images were first reconstructed using the optimum SOS [ Figures 4(b) ]. Because of the small SOS difference, vessel splitting is not significant. We then performed time-reversal reconstruction using the SOS map [ Figure 4 . The study indicates that when the SOS different is small, constant SOS is a reasonable approximation. In reference [9] , the leaf was embedded in a agar gel with even higher SOS. In that case, vessel splitting along the tangential direction can be clearly observed. 
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SUMMARY
We developed an integrated USCT and PACT system based on a full-ring ultrasonic transducer array. USCT firing was performed using the same laser as for PACT experiments. The ultra-short laser pulse allows generating clean broad-band acoustic waves. The system was used to study the distortion of PACT images due to acoustic heterogeneity between the object and the coupling medium. We find that constant SOS is a reasonable approximation when the SOS variation is small or when the object is small compared to the scanning geometry. For larger objects and larger SOS variations, the image reconstructed using constant SOS will be distorted, mainly at the periphery of the object and along the tangential direction. An integrated USCT and PACT system substantially improves the accuracy of PACT imaging reconstruction.
